ABSTRACT. The Tibagi River, located in southern Brazil, is associated with a significant degree of environmental heterogeneity, along its 550 km extension. There is concern about the integrity of this river's ecosystem, as human interference has been increasing. Aegiphila sellowiana (Lamiaceae) is an important pioneer tree species, commonly found near rivers; the fruit is consumed by avifauna. We studied this species along three ecological gradients, comprising the upper, middle, and lower regions of the Tibagi River basin. The genetic structure of nine subpopulations of A. sellowiana distributed along these gradients was investigated using RAPDs. Moderate levels of gene diversity (ranging from 0.091 to 0.132) were identified, inferred by a traditional approach and a Bayesian model-based method. The F-statistic, G ST parameters and molecular variance analysis showed high genetic differentiation among the three regions (39.5 to 50.26%). Analysis of molecular variance revealed high levels of genetic variation between populations (50.26%), while lower values of genetic variation (ranging from 9.56 to 16.35%) were seen between subpopulations within 3187 ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 10 (4): 3186-3198 (2011) Genetic structure of the tropical tree Aegiphila sellowiana the upper, middle, and lower regions of the Tibagi River basin. The validity of these results was confirmed by principal coordinate analysis. Linear regression analysis showed significant correlations (r = 0.621, P = 0.0001) between the genetic and geographical distances. The differences observed in genetic variation between regions are probably due to habitat fragmentation; for conservation purposes, we recommend that at least one subpopulation from each region of the Tibagi River should be maintained.
INTRODUCTION
In plants, alterations in allelic frequencies that determine their characteristics are correlated with the life cycle (Sales et al., 2001) , reproductive system (Dawson et al., 1995) , pollen and seed dispersion syndrome (Castellen, 2000) , geographic distribution (Hamrick, 1983) , and the ability to colonize new environments (Sun and Wong, 2001 ). At present, human activities must also be cited as responsible for significant events that modify the population genetic structure of plants. In this regard, the human actions in several ecosystems have caused intense habitat fragmentation, resulting in the isolation of individual plants that had previously grouped in a unique metapopulation. The consequence of this process is the establishment of small subpopulations in which distinct evolutionary forces can either operate to modify the genetic structure or, in certain situations, result in extinction. Additionally, high genetic impact of population fragmentation and habitat loss can be expected in small isolated populations with high levels of inbreeding (Lowe et al., 2005) .
Environmental heterogeneities can modify the distribution of genetic variability within or among populations of the same species resulting in genetic differentiation over relatively small geographic distances (Knowles, 1984) . Fragmentation in Neotropical tree species can provoke an increase in disease and infestation by pests and also the establishment of deleterious alleles over short periods of time (Lowe et al., 2005) . In the long-term, it is expected that the loss of genetic variation would greatly reduce the ability of plant populations to positively respond to different selective pressures. Successful management strategies and the preservation of forest tree species are therefore dependent on an accurate assessment of their genetic diversity to address questions regarding the genetic relationships among individuals as well as the levels and structures of their genetic variation. Knowledge of a particular plant population structure also provides a historical perspective of the evolutionary changes that characterize a species and allows researchers to more accurately predict how populations of plants will respond to future events of both natural and artificial origin (Wallace, 2002) .
Several techniques and genetic markers have been developed to analyze and estimate genetic diversity among plants. However, no single technique is universally ideal, as all of the available methods for such analyses have both strengths and weaknesses (Mueller and Wolfenbarger, 1999) . Random amplification of polymorphic DNA (RAPD) markers have been widely used in the analysis of genetic variation below the species level, despite some noted drawbacks (Hedrick, 1992) , particularly in investigations of population structure and differentiation that include the estimation of F ST analogues and genetic variation within populations (Nybom and Bartish, 2000) . Moreover, a recent comparison of different nuclear DNA markers for estimating intraspecific ge-netic diversity in plants has also demonstrated that sequence-tagged microsatellite site (STMS) estimates of genetic variability are similar to those determined with dominant RAPD markers (Nybom, 2004) . Furthermore, the speed with which RAPD markers can be generated is one of the significant advantages of their use, because they can deliver crucial information within the time constraints that are frequently required to enable urgent conservation decisions (Mueller and Wolfenbarger, 1999) . Hence, RAPDs are of great utility in major population genetics applications, notably in the field of genetic conservation, where molecular markers need to be developed at a low cost and in a short time (Hardy, 2003) . Furthermore, studies have demonstrated that new statistical approaches, particularly Bayesian methods for estimating population genetic parameters, significantly alleviate the bias related to the dominant nature of RAPDs (Holsinger et al., 2002) .
Aegiphila sellowiana is a deciduous pioneer tree species that grows in different types of soil found in secondary, pluvial, and semideciduous forests. This species can reach between 4 and 7 m in height and display a trunk of 20-30 cm in diameter, which is characterized by a light and soft wood, commonly used in industry to make furniture, boxes, and wooden shoes. A. sellowiana exhibit simple and opposite leaves that range from 18 to 29 cm in size and spherical drupe fruits. Flowering occurs during the months of December and January and fruit ripening occurs from February to April. Flowers are honeyed and are pollinated by insects, and trees produce a large number of fruits (Lorenzi, 2002) . This species is dioecious and seeds are disseminated by birds (Oliveira and Paula, 2001) . When plants are destroyed by fire, cutting or disease, this species shows vegetative propagation by resprouting from roots (Martins et al., 2002) .
A. sellowiana was elected for our current study for two main reasons: 1) its ecological importance, as a pioneer plant species, in the recovery of degraded areas and 2) the high level of fragmentation and degradation experienced by subpopulations of A. sellowiana that are distributed along the Tibagi River basin, where the original flora has been severely affected by agricultural expansion over the last 50 years.
The specific aims of our study were to measure the amount of genetic variation within and among populations of A. sellowiana to thereby establish the relationships between the molecular data and species biology, natural environment, and habitat degradation at each subpopulation site. The results will be applied in re-vegetation programs of the Tibagi River basin and to guide stratere-vegetation programs of the Tibagi River basin and to guide strateto guide strategies for species conservation and sustainable utilization.
MATERIAL AND METHODS

Area of study
The origin of the Tibagi River in Brazil lies in southern Paraná State at an altitude of 1060 m. The length of this river is approximately 550 km down to the Paranapanema River at an altitude of 298 m. Situated in the south-northern region of Paraná State, the Tibagi River basin occupies an area of approximately 25,000 km 2 , corresponding to about 13% of this state. Because of its geography, the Tibagi River basin is divided into upper, middle, and lower Tibagi, each region characterized by different soil types supporting several environments that are reflected in the diversification of its flora. The upper Tibagi River basin is characterized by dark-red latosoil/litholic soil with a CFb weather type, with light summers, a severe winter and frequent frost. The lower basin is characterized by purple latosoil and a CFa weather type, with hot summers, light winters and only rare frost, while the middle basin has red-yellow podzolic soil/dark-red latosoil, with an intermediate (CFa/CFb) weather type. The flora of the upper Tibagi basin is characterized by a savanna with islands of dense ombrophilous forest, the middle region contains an Araucaria forest, and the lower Tibagi area harbors mostly semideciduous forests (Mendonça and Danni-Oliveira, 2002; Stipp, 2002; Torezan, 2002) .
Sampling
The Tibagi River basin has been severely altered by human activities over the last 50 years and only about 4% of the original flora are preserved (Torezan, 2002 ). In our current study, nine subpopulations of A. sellowiana were sampled from different regions of the Tibagi River basin comprising: The criterion for choosing these subpopulations was the occurrence of enough individuals to enable sampling, within a minimal distance of 3 km between the subpopulations in each of the three regions (Table 1) . For genetic analyses, young leaves of 30 individuals, distributed at least 3 m apart, from each subpopulation were collected. 
Laboratory procedures
Genomic DNA was extracted using the CTAB method as previously described (Doyle and Doyle, 1987) , except that CTAB was replaced by MATAB (mixed alkyltrimethylammonium bromide; Sigma) in the extraction buffer. The DNA concentration was estimated using a fluorometer (DyNA Quant 200, Höfer-Pharmacia), according to manufacturer instructions, and the samples were adjusted to 10 ng/μL for use in PCR amplifications. A total of 120 primers (Operon Technologies) were tested for amplification and only 18 were selected to amplify the DNA from 270 individual plants. These primers were chosen because of the good amplification pattern, repeatability and the capability of showing polymorphism. PCR was performed in a final volume of 15 μL containing the following: 1X PCR buffer (75 mM Tris-HCl, 50 mM KCl, 2.0 mM MgCl 2, and 20 mM (NH 4 ) 2 SO 4 ); 0.2 mM each of dATP, dTTP, dCTP, and dGTP; 0.4 μM of each primer; 0.9 U Taq DNA polymerase (Biotools-Spain), and 20 ng template DNA. Amplifications were carried out using a PTC 200X (MJ Research) thermal cycler using the following conditions: 3 min at 94°C followed by 48 cycles of 1 min at 94°C, 1 min 45 s at 38°C, and 2 min at 72°C, with a 7-min extension step at 72°C. The samples were then stored at 4°C until electrophoresis. Amplified products were resolved on 1.2% agarose gels in TAE buffer (40X mM Tris-acetate, 1 mM EDTA, pH 8.0) at 110 V for 3 h and stained with ethidium bromide.
Only well-resolved fragments were considered for analysis. Homology assessments were made across gels based on an amplified GENE Ruler 100-bp DNA ladder (Fermentas AB, Vilnius, Lithuania). Control samples containing all reaction components except for the template DNA were also run to ensure that no self-amplification or DNA contamination occurred.
Data analysis
The estimation of allelic frequencies and gene diversity in a plant population using dominant markers can be problematic (Zhivotovsky, 1999) . However, Krauss (2000) , demonstrated that statistically biased data, obtained from dominant markers such as RAPD, could be eliminated by employing a highly polymorphic marker dataset. It has also been shown that for the accurate estimate of the genetic parameters in a population, about 30 individuals per population should be used besides a large number of dominant loci (Tero et al., 2003) .
The within population percentage of polymorphic loci (P P ) and gene diversity, assuming both with (H S(1) ) and without (H S(2) ) Hardy-Weinberg equilibrium (Nei, 1973) , were estimated using the POPGEN software (Yeh et al., 2000) . The relative magnitude of genetic differentiation (G ST ) among and within populations (Nei, 1987 ) assuming the population is either in Hardy-Weinberg equilibrium (F IS = 0) or completely selfing (F IS = 1), was calculated using the same software. The analogous Bayesian approach (Holsinger et al., 2002) was also used to directly estimate G ST and the gene diversity within populations from dominant markers without prior knowledge of the F IS , using the HICKORY software version 1.0 (Holsinger and Lewis, 2003) . Several runs were conducted with default sampling parameters (burn-in = 50,000, sample = 250,000, thin = 50) to ensure the consistency of the results. Genetic variation within and among populations was further partitioned by analysis of molecular variance (AMOVA) using ARLEQUIN 2.0 (Schneider et al., 2000) .
The geographic distances among populations were calculated using the Google Earth program (http://earth.google.com/). To verify possible relationships between the geographic and genetic distances, a linear regression was performed using the BIOESTAT4 software (Ayres et al., 2005) . Principal coordinate analysis based on genetic distances (Nei, 1978) was carried out using the FAMD program (Schlüter and Harris, 2006 ). An alternative Bayesianbased clustering method was also applied to infer the number of clusters or subpopulations (K) that was most appropriate for interpreting the data, without prior information on the number of locations at which the individuals were sampled, using the STRUCTURE software version 2.1 with burn-in of 50,000 and MCMC of 500,000 (Pritchard et al., 2000) .
RESULTS
A total of 18 selected RAPD primers generated 252 consistently well-amplified markers. The average percentage of polymorphic loci was lower in the subpopulations of the upper Tibagi (35.32%; in subpopulation U 3 ) than in the subpopulations of the lower Tibagi (52.38% in subpopulation L 1 ) ( Table 2 ). The average levels of within population gene diversity (Nei, 1973) , assuming a Hardy-Weinberg equilibrium (H S(1) ), were 0.086 for subpopulation U 3 and 0.136 for the subpopulation M 2 . The departure from Hardy-Weinberg equilibrium of within population gene diversity (H S(4) ) by Bayesian estimates (free model) ranged from 0.091 (subpopulation U 3 ) to 0.132 (subpopulation M 2 ) ( Table 2) . We estimated the relative magnitude of the genetic differentiation among the natural populations (G ST = D ST /H T ) using traditional (Nei, 1987) and Bayesian approaches, either assuming or not a Hardy-Weinberg equilibrium. In all situations, a high proportion of genetic diversity among populations was revealed with a G ST ranging from 0.395 to 0.489 (Table 3) .
Summaries of AMOVA for all subpopulations of A. sellowiana surveyed are shown in Table 4 . Of the total genetic variation contained in the nine natural subpopulations examined, 50.25% could be attributed to differences among populations and 49.75% to differences among individuals within populations (Table 4D ). Table 3 . Genetic differentiation coefficient (G ST ), within population gene diversity (H S ) and total gene diversity (H T ) among all subpopulations of Aegiphila sellowiana from the Tibagi River basin.
The genetic variability between populations is lower when performed only in subpopulations inside the same region (upper, middle, or lower region) ( dicated that around 46% of the genetic variability occurred among the subpopulations, whereas around 54% of this genetic variation occurred within populations (Tables 3, 4) . Pairwise F ST between the subpopulations with the distances in km are given in Table 5 A significant correlation was identified between the genetic and geographic distances among the nine subpopulation of A. sellowiana investigated (r = 0.621, P = 0.0001). This correlation was further confirmed by principal coordinate analysis based on Nei's genetic distance matrix, which explained 51.19% of the total variation. An obvious geographic pattern was also found among our sample group, which could be divided into three clusters. The first cluster included the subpopulations from the upper Tibagi (U 1 , U 2 , and U 3 ) and the second cluster included all plants sampled from the middle Tibagi (M 1 , M 2 , and M 3 ). The last cluster consisted of the three subpopulations from the lower Tibagi (L 1 , L 2 , and L 3 ) (Figure 2) . Hence, these subpopulations tended to cluster according to their geographic distribution. The estimates of the number of independent populations (K) (Pritchard et al., 2000) gave similar results, suggesting that these populations are not panmictic and the probable number of clusters in this study (K) was 9 (P = 0.955).
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DISCUSSION
Genetic diversity within populations of A. sellowiana
In this study, RAPD markers applied to the analysis of 270 individuals, representing nine natural subpopulations of A. sellowiana, showed moderate levels of total gene diversity and within-population gene diversity (Table 3) . The values of these parameters are lower than those obtained for other tropical trees with a similar biology. For instance, RAPD markers applied to studies on outcrossing tropical trees have shown a total gene diversity (H T ) ranging between 0.321 and 0.334 and the within-population gene diversity varying from 0.292 to 0.309 (Lee et al., 2002; Zimback et al., 2004) . Since our sampling size of A. sellowiana was 30 individuals per subpopulation, a high accuracy in the estimates of gene diversity is expected.
The low H T and H S values (Table 3) , in relation to other tropical outcrossing tree species previously reported, are therefore likely to be due to a number of factors, including the interactions of human activity, vegetative propagation, and geographic range.
Individually, some subpopulations of A. sellowiana displayed lower polymorphism and genetic diversity indices, which differed from other subpopulations present within the same region. For example, considering the upper region the U 3 subpopulation showed lower levels of polymorphism and diversity than either the U 1 or U 2 subpopulation. The U 3 subpopulation is located in a limited area where many individual plants are in close proximity and may possibly have originated from a few individuals by vegetative propagation. The same possibility would explain our results for the L 3 subpopulation, which also showed a low polymorphism and diversity index when compared with its L 1 and L 2 counterparts (Table 2) .
On the other hand, the M 2 subpopulation revealed higher degrees of polymorphism and diversity than did the M 1 and M 3 subpopulations. In this case, the explanation may be that the individuals in the M 2 subpopulation were more widely dispersed throughout a larger area compared with plants from M 1 and M 3 areas. This type of distribution reduces the number of individuals that originate by vegetative propagation and maximizes the effect of outcrossing, which therefore aids in the maintenance of higher levels of genetic variability.
Population differentiation
F ST values estimated by different approaches consistently indicated a high level of genetic differentiation among the subpopulations, accounting for more than 45% of the total genetic diversity in A. sellowiana. Principal coordinate analysis (Figure 2 ) also revealed strong genetic differentiation among subpopulations in all of the macro-regions under study. However, a significant separation in the distribution of the three subpopulations inside the same macro-region was not evident, showing that strong environmental forces are responsible for determining the specific genotypes in each region. Thus, we can infer that the differences observed in the F ST values inside each macro-region were caused by anthropic actions, such as fire and cutting.
A high percentage of genetic variation within populations is commonly found in outcrossing plant species (Hsiao and Lee, 1999) . Moreover, species with self-fertilization and/or vegetative propagation usually have a high percentage of genetic variation among populations (Gaudeul et al., 2000) . The reproductive biology of A. sellowiana is represented by a mixed system of outcrossing pollination and vegetative propagation. This reproductive system, associated with different habitat conditions along the Tibagi River basin and the strong anthropogenic interference that can cause the fragmentation and isolation of populations, has probably played an important role in shaping the current population structure of these subpopulations.
Restricted migration or geographic separation of habitats has often been used to explain the pattern of variation (Gaudeul et al., 2000) , as observed in A. sellowiana. Several studies have demonstrated low to moderate genetic divergence among tropical tree species. Schierenbeck et al. (1997) , working with four tropical species from Costa Rica, found a genetic variation of less than 4% between the plots under study. Studies on tropical plant species showed genetic divergence values of 12.3% for Plathymenia reticulate from the Brazilian Cerrado (Lacerda et al., 2001 ) and 12.5 and 17.5% for two other species from Brazil Trichilia pallida (Zimback et al., 2004) and Copaifera langsdorffii (Pinto et al., 2004) , respectively. In the current study, a high level of genetic divergence (ranging from 0.395 to 0.495) was observed among subpopulations using different statistical approaches. The subpopulations from the upper, middle, and lower Tibagi are adapted to different types of climate, soil, and rain conditions, giving support to the principal coordinate (Figure 2) , which accurately clustered these subpopulations according to their region of origin.
Genetic distance x geographic distance and environmental heterogeneity
A direct correlation between genetic differentiation and geographic distance among individuals and populations has been reported for some outcrossing tropical tree species (Hall et al., 1994) . The mechanism underlying this phenomenon involves a reduced gene flow between individuals and populations as the distances separating them become greater.
A linear regression analysis of the geographic (km) and the genetic distances (θ B ) between subpopulations of A. sellowiana showed a significant correlation between these variables (r = 0.621, P = 0.0001). However, this relationship was not uniform, as it was more related to the differences between regions than differences in subpopulations within the same region, as previously demonstrated by the pairwise F ST (θ B ) (Table 5 ) and principal coordinate analysis (Figure 2 ).
In addition, the intense anthropogenic events that have occurred in those regions in the last 50 years have had a huge impact on the heterogeneity of the environment, as these events have involved the removal of most of the original vegetation. Hence, the subpopulations of A. sellowiana under study are not in fact the original populations, rather they are the result of the gradual reestablishment of the vegetation of these areas. The individual plants that we sampled probably arose from only a few parents that survived this bottleneck process, intensifying the degree of genetic erosion and, in this way, contributing to an increase in the genetic divergence between the subpopulations across these regions. This also explains the high genetic divergence values between some subpopulations inside these regions, for example U 1 and U 3 (0.307), M 1 and M 3 (0.262) and L 2 and L 3 (0.152).
Implications for conservation
The successful management and preservation of forest tree species depend upon an accurate assessment of their genetic diversity, to address issues regarding the genetic relationships among individuals, as well as levels of genetic variation and structure of the plant population themselves. A historic perspective of the evolutionary changes that characterize a species will also allow us to predict how populations will respond to future events of natural and artificial origin (Wallace, 2002) .
Our results demonstrate a high genetic differentiation in the subpopulations of A. sellowiana distributed in three different climate zones around the Tibagi River basin, suggesting that these subpopulations have different environment-adapted genotypes. The genetic divergences observed in subpopulations within the same area may have originated because of the process of habitat fragmentation, where the majority of the original genetic differences between subpopulations would only be found when they are compared between regions. Aegiphila sellowiana exhibited different levels of genetic diversity within each studied region of the Tibagi River basin. Since this species is of great importance in conservation programs aiming to recover degraded forest areas, we may conclude that for conservation purposes a pool of individuals from each of the three regions should be made to enhance the sampling of individuals with alleles adapted to their specific environment.
